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In this research, the specific fracture energy of almandine, zircon and periclase (MgO) are presented. The materials measured 
were in powder form during the measurement. A method of crushing the materials using a hydraulic press was used, followed 
by statistical analysis of the change in the surface of the powder. Values were taken from particle size measurements performed 
by a laser analyzer for the specific surface area calculation. Additionally, the surface energy was calculated for periclase 
based on these measured values in order to evaluate whether the measurement was valid in comparison to the measured 
values specified by other authors. The dependency of specific fracture energy on crushing speed and environment in which 
the powder was crushed (air or water) was also analyzed.
INTRODUCTION
  One of the important parameters used to characterize 
surface  phenomena  in  solid  substances  is  the  specific 
surface energy. For fracture processes, it is then a special 
case  of  specific  surface  energy,  namely  the  specific 
fracture  energy  [1-5].  However,  there  is  very  little 
information available concerning the values of specific 
fracture  energy  in  the  literature.  Most  contributions 
from the area of fracture mechanics deal with various 
fracture criteria and only a few of these contributions 
deal with the general measurements of specific fracture 
energy, apparently due to the difficulty in measuring this 
quantity. The publication [6, p362] shows the following: 
Austin’s comment on the experiment of measurement of 
surface energy based on the energy balance of grinding 
process.” Experiments on mills show that the fraction of 
the electric power input to the mill, which is used directly 
to break bonding forces, is very small (smaller than one 
percent) and is usually less than the error involved in the 
measurement of the energy balance.” 
  A  frequently  cited  work  in  the  case  of  specific 
surface  energy  measurements  of  brittle  materials  is 
that of Gilman [7], who used the monocrystal cleavage 
method to break the material along a prepared crack. 
His work shows the specific surface energy (cleavage 
energy) for various crystallographic planes of LiF, MgO, 
CaF2, BaF2, CaCO3, Si, Zn, and Fe (3% Si) monocrystals 
at  various  temperatures  and  in  various  environments. 
In their report, Davidge and Tappin [8] used a three-
point bending test with the subsequent crystal fracture. 
Additionally,  these  authors  differentiate  between  the 
specific  surface  energy  in  the  fracture  initiation  and 
its effective value over the entire fracture process. The 
same method was used by Nakayama, Friedman et al., 
and Messmer and Bilello [1, 2, 9]. They determined the 
surface  energy  of  Si,  GaAs,  and  GaP  using  Griffith’s 
criterion for brittle fracture [10, 11] specifically on the 
basis of critical stress in a sample from the length of a 
crack. Smith et al. [3] used a similar method but they 
made a detailed analysis of the new surface irregularities 
through the use of fractal geometry parameters. Specific 
fracture  energy  and  fracture  toughness  values  for  a 
total of 48 minerals were calculated theoretically based 
on  available  data  by Tromans  and  Meech  [12]. Their 
calculations were based on Born’s interactive model of 
matter structural particles (ions). 
  The goal of this article is to present the results of 
specific  fracture  energy  measurements  of  almandine, 
zircon, and periclase. Additionally, the surface energy 
has been determined for periclase in order to evaluate 
the measurement’s validity. The influence of crushing Jandačka P., Šancer J., Vojtková H., Besta P., Brázda R., Količová P., Šimková L.
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speed and environment (air or water) on specific fracture 
energy values has also been investigated. In addition to 
their general applicability, the measurements of mineral 
fracture energy made in this study, shown below, can be 
used in the study of abrasive and milling properties [13-
16]. The method of crushing the minerals into powder 
form using a hydraulic press, presented previously in 
Jandacka et al. [17], was used.
MATERIALS AND METHOD
  This  work  measured  three  minerals  whose  basic 
characteristics are shown in Table 1.
  Specific fracture energy was determined using the 
initial  fragmentation  of  the  powders  by  crushing  and 
computing  the  change  in  surface  area.  The  statistical 
parameters of the powders were measured using a laser 
analyzer Mastersizer 2000 type 5.4 (Malvern Instruments 
Ltd).  The  main  device  for  measurement  was  a  steel-
corundum crusher of the author’s own design (Figure 1). 
The  force  on  the  piston  was  realized  using  a  very 
precise  hydraulic  press  MTS  816  Rocks  Test  System 
(MTS System Corporation). Special software recorded 
the  applied  force  and  displacement.  A  more  detailed 
description of this method is described in Jandacka et 
al. [17].
  During the above-mentioned crushing, there were 
two phases, which are shown by the curves in Figure 2. 
The first phase was a compression phase, in which the 
compression work Wcom is expressed by the compression 
force  Fcom (Equation  1a).  The  second  phase  was  the 
compression  uploading  phase,  expressed  by  the 
uploading force Fup. 
  The  compression  uploading  work  Wup  (Equation 
1b) represents the potential energy of elasticity of the 
compressed  system  (powder  and  crusher)  and,  at  the 
same time, the energy which is returned to the press. The 
crushing work Wcru needed to change the powder surface 
is defined in Equation 2. 
,      (1a, 1b)
Table 1.  Basic characteristics of the measured powders.
Characteristics  Almandine  Zircon  Magnesium oxide (periclase)
chemical formula  Fe3Al2Si3O12  ZrSiO4  MgO
mineralogical purity  97  94-98  98
commercial name  Australian garnet  Zircon sand  Magnesium oxide
origin  Australia  RSA  –
manner of preparation  mining, processing  mining, processing  synthesis, crushing
original particle size (µm)  100-200  100-200  < 500
particle density (kg/m
3)  4084  4617  3580
observed particle shape  irregular  irregular  irregular
particle approximation by*  sphere  sphere  sphere
cleavage  none  imperfect {110}  perfect {100}
crystallographic system  cubic  tetragonal  cubic
Mohs’ hardness  7.5  8  5.5
spec. heat capacity (J/kg∙K)  –  –  922
* These powders consisted primarily of monocrystalline particles
Figure 1.  The crusher.
Figure 2.  General schematic of compression of powder by a 
hydraulic press.
x1
x1
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0
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Wcru = Wcom – Wup .                        (2)
  Theoretical smoothing of the measured points was 
performed using an n–th grade polynomial. Reliability 
of all performed smoothing was higher than 0.98, i.e., 
R
2 > 0.98.
  Krycer  et  al.  [18]  stated  that  the  different  force 
effects  of  a  press  on  the  top  and  bottom  of  the  base 
of a die must be taken into account. This difference is 
caused by the friction of particles along the die wall. This 
phenomenon is considered negligible in this study. The 
reason for this simplification is that in the crusher used, 
particle-die wall abrasion is restricted by the corundum 
die wall, i.e., the die wall was harder than the powder 
particles. In general, the mechanical work of the press 
is transferred to seven types of energy: surface energy, 
surface  plastic  deformation,  interparticle  friction,  the 
above-mentioned  particle-corundum  friction,  van  der 
Waals forces between particles, the energy of powder 
compaction (restriction of particle flow), and the potential 
energy of elasticity of the compressed system (powder 
and crusher) [18-24]. In this study, we will consider only 
the first three energy phenomena. Because we are using 
very brittle minerals and a corundum die, this focus on 
just three energy phenomena is valid.
  The act of crushing a mineral changes the powder 
temperature. In these experiments, several methods for 
measuring powder temperature (for example, using the 
side opening on the crusher, see Figure 1a) were tried 
but in the end the most precise method was by using a 
“surface thermocouple sensor”. This sensor was placed 
on top of the powder from above, both before and after 
crushing.
Theoretical background
  The next subchapter presents application equations 
related  to  the  author  of  this  contribution,  previously 
and  similarly  presented  in  [17]. They  are  based  on  a 
fundamental  knowledge  of  fracture  mechanics  [10, 
11, 25-28] and the basic laws of thermodynamics. The 
specific  fracture  energy  can  be  determined  using  the 
general equation
Work of crushing
  By application of the first law of thermodynamics, 
assuming  that  there  is  no  heat  exchange  between  the 
system  and  its  surroundings  (adiabatic  phenomenon), 
the following expressions for mechanical work Wmech on 
a powder in a clear liquid can be obtained:
  ΔWmech = ΔU = ΔWV + ΔWA,  
        ΔWA = γelΔa + γplΔa + µΔn,     
(3)
where U is the internal powder energy, WV is the volume 
work, WA
 is the surface work, γel is the surface energy 
related to the vacuum (environment), γpl is the specific 
energy of the plastic surface deformation, a is the surface 
area, μ is the chemical potential, and n is the number of 
liquid molecules adsorbed at the front of the crack during 
crushing. The right side of Equation 3 could contain the 
translational and rotational kinetic energy of the broken 
particles; however, in this study the term is equal to zero. 
The surface plastic work γplΔa is connected to the plastic 
deformation  of  the  surface  layer,  in  agreement  with 
generally known findings that the fracture of a brittle 
material  is  accompanied  by  a  minute  area  of  plastic 
deformation which surrounds the propagating fracture 
front [25-28]. Since in the case of brittle substances it 
can  be  assumed  that  plastic  deformation  occurs  only 
along the front of the propagating crack, the volume term 
contained in the overall volume plastic deformation term 
can be excluded. The volume elastic work (a component 
of WV) in the case of the above-mentioned measurements 
is returned to the press during compression uploading. 
The  value  μΔn  specifies  the  interfacial  energy  and 
characterizes the environment surrounding the fractured 
matter.  During  a  slowly  propagating  fracture,  are  in 
the surface area adsorbed maximal amount n = a/s of 
molecules of liquid, where s is the cross-section of the 
liquid  molecule.  However,  during  a  very  fast-moving 
fracture, not all molecules are able to adsorb (diffuse) on 
the tip of the crack [28-32].
Specific fracture energy
and specific surface energy
  Equation  2  defines  the  crushing  work  Wcru.  The 
specific fracture energy can then be calculated according 
to the expression
 ,                     (4)
where m is the weight of the powder and ΔAgeo is the 
difference in the specific geometric surface area before 
and after crushing. The surface energy is then given by 
the expression
   ,           (5)
where c is the specific heat capacity of the powder and 
ΔT is the powder temperature change during crushing. 
The surface energy is given by the larger potential energy 
of atoms in the surface layer than in the volume. They 
are pushed out of their regular positions, both in normal 
and tangential positions [32, p83]. The surface energy 
is not affected by the mode or speed of crushing. The 
powder temperature change is connected to the plastic 
deformation of the powder particles, which in the case 
of brittle materials lie primarily in the surface layer. The 
specific fracture energy = (J/m2)
work of fracture
surface change
σfra = =
∆WA
∆a
∆Wcru
m·∆Ageo
γ = =
∆(WA – γpla)
∆a
∆Wcru – mc∆T
m·∆AgeoJandačka P., Šancer J., Vojtková H., Besta P., Brázda R., Količová P., Šimková L.
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range of this plastic deformation is influenced by the 
crushing rate, i.e., plastic deformation cannot propagate 
with the same velocity as an elastic deformation (crack 
propagation).  During  a  slowly  propagating  fracture, 
significant plastic deformation can be assumed, whereas 
during a very fast-moving fracture there will be only 
minimal plastic deformation. 
Specific surface area determination
  Distribution of powder particles that are prepared 
by grinding or crushing are usually governed by a lo- 
garithmic-normal distribution, i.e., by normal distribution 
of  the  ln  di  values,  where  di are  the  diameters  of  the 
particles,  which  is  the  method  presented  in  [33-36]. 
In this study, the specific surface area is calculated by 
approximating the particle shape as a smooth sphere. The 
use of fractal theory for determining the specific area of 
powders is shown in Jandacka et al. [37]. The specific 
geometric surface area for a smooth sphere with a log-
normal particle size distribution is given as [17, 35, 37]
   ,                   (6)
where ρ is the powder particle density (weight of par-
ticle/volume  of  particle).  The  arithmetic  mean  μ  and 
selective standard deviation ω can be calculated from the 
equations [17, 33-36]
    .       (7a, 7b)
  Fractiles d0.5 and d0.9 were determined using laser 
analyzer  software  and  1.29  is  the  tabulated  value  for 
d0.9 by  normal  (Gaussian)  distribution.  Instead  of  the 
Equation 6, the expression Ageo= 6/ρd is often used [37-
40], where d is the arithmetic mean.
  The  specific  surface  area  of  the  original  powder 
(uncrushed) has negligible size in comparison with the 
specific surface area of the crushed powder. It is 0.0098 
m
2/g for almandine, 0.0087 m
2/g for zircon, and 0.0034 
m
2/g for periclase. These three values were calculated 
according to the special case of Equation 6 in which 
ω = 0 and Ageo = 6/ρd (as mentioned above). Since the 
original (uncrushed) almandine and zircon powders were 
sieve-differentiated to narrow fractions, the value of ω is 
negligible. 
RESULTS AND DISCUSSION
  In total, 37 sample crushings of periclase, alman-
dine,  and  zircon  powders  were  performed  during  the 
experiment. For almandine and zircon there were four 
compressions using the same regime and in the same 
environment (water or air) for compression rate increases 
of 11.8 MPa/s (6 kN/s, crushing time 10 s), and 118 MPa/s 
(60 kN/s, crushing time 1 s). The final compression of 
the press was 118 MPa (60 kN). For MgO, it was five 
crushings  by  5.92  MPa/s  (3  kN/s,  crushing  time  10 
s), and the final compression was 59.2 MPa (30 kN). 
The compression uploading period was set to 0.5 s for 
all samples. The crusher piston moved the most with 
the  MgO  samples,  approximately  10  mm.  During  the 
crushing,  a  computer  recorded  the  compression  force 
value F of the press and the movement of the press x 
with 100 points-per-second frequency. For example, in 
the almandine sample identified as aml_5, which was 
crushed by 11.8 MPa/s in water, m = 24.50 g, Wcom = 
113.36 J, Wup = 3.50 J, x1 = 4.77 mm, x2 = 4.53 mm, after 
crushing: d0.5 = 0.231 μm, d0.9 = 0.605 mm, ΔAgeo = 1.57 
m
2/g, σfra = 2.86 J/m
2. Particle sizes of powders before 
and after crushing are shown in Table 2.
  The  row  data  values  of  the  d0.9 fractile  generally 
correlate with values of dp/dt, where p is the press on the 
powder. This evokes an investigation of the dependency 
of the crushing speed dp/dt on the value of d0.9. These 
dependencies  have  been  thoroughly  investigated  in 
Grady’s works [41, 42]. 
Determination of specific
fracture energy
  The  fracture  energy  values  were  determined  by 
applying Equation 4 and the surface energy of MgO was 
calculated according to Equation 5. Figures 3, 4, and 5 
show the averaged values of the specific fracture energy of 
repeated measurements in individual regimes. Standard 
deviations of the mean of the repeated measurements are 
marked around the arithmetic mean values, means their 
highest values for all regimes. The zircon mean standard 
deviation is overall the highest for all three dispersion 
matters,  namely  13%.  From  the  point  of  view  of  the 
mean standard deviation, it is possible to characterize 
the measurement as being accurate overall. For example, 
Gilman’s  [7]  measurements  of  MgO,  during  which 
cleavage  of  monocrystals  was  used,  Gilman  achieved 
a standard deviation of the mean of 15% for three repea-
ted  measurements.  By  using  a  very  precise  hydraulic 
press and laser analyzer it can be stated that the main 
source of measurement errors arise from random errors 
connected  to  the  crushing  process.  For  this  reason,  it 
can now be estimated that the total measurement error 
(uncertainty) does not exceed 15% using this method.
Ageo =
6
ρ·exp(µ + 2.5ω2)
µ = ln d0.5 and ω =  ln ( (
1
1.29
d0.9
d0.5
Table 2. Particle size change after crushing
                      After crushing (average)
  Initial particle  median d0.5  the finest
Mineral   size (µm)  (µm)  particles (µm)
almandine  100-200  0.23  0.20
zircon  100-200  0.38  0.30
periclase (MgO)  500-1000  0.24  0.20Fracture energy of selected brittle silicates
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  These graphic results show that the specific fracture 
energy  decreases  while  the  speed  of  compression 
increases. This is in agreement with our knowledge of 
the behavior of dislocations that do not have as much 
time to shift during faster crushing as when the crushing 
is slower [43].
  More complicated is the dependency of the specific 
fracture  energy  on  the  type  of  liquid  environment  in 
which the fractures take place. This is the meaning of 
the term μΔn in Equation 3. In Jandacka et al. [17], there 
was a decrease of the specific fracture energy observed 
in the case of crushing in water in comparison with that 
observed with crushing in air (using a lower final force of 
press), which is in agreement with Equation 3. This trend, 
however, is opposite from Figures 3 and 4. This paradox 
can be explained by the shielding friction that occurs as 
a result of powder particle abrasion on the piston steel 
Figure 4.  Average values of the specific fracture energy of 
zircon in applied regimes and their standard deviations of the 
mean, 13 %.
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Figure 5.  Average values of the specific fracture energy and 
surface energy of periclase (MgO) in applied regimes and their 
standard deviations of the mean, 3.8 % and 3.4 %. Surface 
energy is 76 % of the specific fracture energy.
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Figure 3.  Average values of the specific fracture energy of 
almandine in applied regimes and their standard deviations of 
the mean, 5.2%.
11.8 MPa/s
in air
2.48 2.43
2.72
2.07
11.8 MPa/s
in water
118 MPa/s
in air
118 MPa/s
in water
0.5
0
1.0
1.5
2.0
2.5
3.5
3.0
S
p
e
c
i
f
i
c
 
f
r
a
c
t
u
r
e
 
e
n
e
r
g
y
 
σ
f
r
a
 
(
J
/
m
2
)
Figure  6.    Schematic  of  the  piston–particles  friction  during 
crushing in water (a) and author´s own crusher design which 
should restrict the shield phenomenon (b).
b)
a)Jandačka P., Šancer J., Vojtková H., Besta P., Brázda R., Količová P., Šimková L.
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part  above  the  corundum  ring.  Figure  6a  graphically 
shows this negative phenomenon and Figure 6b is the 
author´s own design of crusher that should restrict this 
negative phenomenon.
  Changes of powder temperature were also measured 
in the case of MgO in order to express the surface energy 
according to Equation 5. For the five above-mentioned 
measurements  (one  of  them  failed),  the  average 
temperature change is 1.88 K. The surface energy value 
serves  as  an  evaluation  of  the  measurement  validity 
within this work, which is 76% of the specific fracture 
energy.
Validity of measurement
  Evaluation regarding whether these measurements 
were correctly performed is based on the comparison of 
the MgO surface energy obtained by other authors with 
the value obtained in this work (Figure 7). The surface 
energy quantity has been used because it is independent 
of both the crushing speed and the plastic deformation of 
surface layers during fracturing.
  The average value of the MgO surface energy by 
other authors is 1.26 J/m
2. This value does not account 
for Tromans and Meech’s [12] outlying value. The value 
determined within this work is higher, namely 1.79 J/
m
2.  All  authors  with  the  exception  of  Tromans  and 
Meech investigated the surface energy along the {100} 
crystallographic  planes. According  to  Born  and  Stern 
[7],  however,  the  MgO  surface  energy  in  the  {110} 
planes is 2.7 times larger than it is in the {100} planes. 
It can be supposed that many cracks go through weakly 
bounded  planes  (by  crushing  powders).  This  is  one 
possible explanation why the value of the surface energy 
measured in this work on randomly oriented particles 
is higher by 30% compared to the average value of this 
quantity measured by other authors. From this we can 
estimate that the measurement was valid and that the 
approximation of particle shape as smooth spheres did 
not introduce a significant error into our calculations. 
However, the measurements of specific fracture energy 
during  crushing  in  water  were  probably  invalid,  as 
explained above.
CONCLUSION
  Specific fracture energy depends on crushing speed. 
In an air environment and a crushing speed of 11.8 MPa/s, 
the specific fracture energy was 2.48 J/m
2 for almandine 
and 1.50 J/m
2 for zircon. In an air environment and a 
crushing speed of 118 MPa/s, the specific fracture energy 
was 2.07 J/m
2 for almandine and 0.61 J/m
2 for zircon. 
Determination of
 the specific fracture energies in a water 
environment  were  not  deemed  valid.  Explanation  of 
this lies in the above-mentioned shielding phenomenon. 
This effect can be theoretically restricted using a new 
crusher design with a cone piston tip (Figure 6b). Base 
on analysis of the crushing process, the accuracy of the 
device used was estimated to have a measurement error 
(uncertainty) of 15%. Using the method of crushing the 
powder by hydraulic press and subsequent measurement 
of  particle  sizes  by  laser  analyzer  and  approximating 
the particle shape as a smooth sphere is, for this type 
of brittle material, valid. This conclusion results from a 
comparison of our determination of the surface energy of 
MgO with that of other authors.
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